INTRODUCTION
============

Aquaporins (AQPs) are a family of proteins that promote the diffusion of water through cell membranes ([@bib4]). They are found in native membranes as tetramers, and each monomer has its own water pore ([@bib23]). Two AQPs, AQP0 and AQP1, are expressed in the lens where they play a critical role in maintaining lens transparency. AQP1 is expressed in many tissues and in lens epithelial cells, whereas AQP0 is found only in lens fiber cells. Recently, another AQP, AQP5, was found in the lens epithelial cells and fiber cells, but its role in the lens has not yet been elucidated ([@bib17]).

In previous studies, we showed that water permeability of AQP0 but not AQP1 is modulated by changes in pH and calcium ([@bib24], [@bib25]). Although the molecular mechanisms of regulation by pH and calcium remain unknown, we do know quite a lot about the structure of AQP0 and have identified parts of the molecule involved in both calcium and pH regulation of water permeability. [Fig. 1](#fig1){ref-type="fig"} illustrates AQP0 water channel structure and highlights the two key sites of modulation by pH and calcium ions at H40 and S235, respectively. Even though each AQP monomer has its own pore, water gating can be cooperative. We previously showed that water permeability of AQP0 is strongly modulated by zinc, with a concentration dependence that was best fitted using a Hill equation with a coefficient of four ([@bib26]). An important consequence of this strong apparent cooperativity is that the zinc concentration dependence of the water permeability is so steep that it acts virtually as a concentration-dependent switch, so that the water permeability of the tetramer doubles over a very narrow range of zinc concentration. This observation resonates with earlier observations suggesting that monomers of AQPs interact with one another ([@bib20]) and sets the stage for the present work.

![Topology and structure of AQP0. (A) Each AQP0 monomer is composed of six transmembrane domains (1--6) and five loops (A--E) in rainbow color (ROYGIBV). The pore is formed by two half helices and loops B and E (in green) folded back into the membrane. Major players in the cooperativity are H40 in the external loop A and S235 in the C terminus tail. (B) The tetramer is shown from the extracelluar side with the four monomers (blue and mustard) and the two CaMs (red). Both panels were generated with VMD from a molecular dynamics simulation based on crystal structures (deposited in the Protein Data Bank under accession no. [1TM8](1TM8) for AQP0; [@bib14]; and Protein Data Bank accession no. [1NWD](1NWD) for CaM; [@bib34]) originally modeled together in [@bib27].](JGP_201210884_Fig1){#fig1}

The fundamental questions we deal with in this paper are: Can protons and calcium regulate the water permeability of AQP0 in a cooperative fashion? Can protons and calcium act on single monomers in a noncooperative fashion, and if either of these two modes of ion concentration gating occurs, could it play a role in the physiology and development of the lens? By coinjection of WT AQP0 with an insensitive mutant for pH or calcium, we investigated a possible cooperativity between monomers that may be physiologically relevant.

MATERIALS AND METHODS
=====================

cRNA preparation for *Xenopus laevis* oocytes
---------------------------------------------

The expression construct for bovine AQP0 (pXβG-AQP0) was provided by P. Agre (Johns Hopkins University, Baltimore, MD). WT and mutated AQP0 cRNAs were transcribed in vitro using the T3 RNA polymerase (mMACHINE kit; Ambion). The mutations used in this study were prepared using standard primer methods and have been described previously ([@bib24], [@bib25], [@bib26]).

Oocyte swelling assay and measurement of water permeability
-----------------------------------------------------------

Oocytes were obtained in two ways. Female *Xenopus* were anesthetized, and stage V and VI oocytes were prepared and injected with 10 ng cRNA as described previously ([@bib26]). In some experiments, oocytes were obtained from EcoCyte Bioscience. The day after isolation, oocytes were injected with the appropriate AQP cRNA and maintained in ND96 (mM: 96 NaCl, 2 KCl, 1 MgCl~2~, 1.8 CaCl~2~, and 5 HEPES, pH 7.5) at 18°C.

2 d after injection, oocyte swelling assays were performed at room temperature (20--21°C) by transfer from 200-mOsM (100% ND96) to 70-mOsm (30% ND96) solution. Water permeability, P~f~, was calculated from optical measurements of the increase in cross-sectional area of the oocyte with time in response to diluted ND96 using the formula:$$P_{f} = \left\lbrack \frac{d\left( V/V_{0} \right.}{dt} \right\rbrack\left( V_{0}/S \right)/\left( \Delta_{osm}V_{w} \right),$$where V is the volume as a function of time, V~0~ is the initial volume, S is the geometric surface area, Δ~osm~ is the osmotic gradient, and V~w~ is the molar volume of water.

The swelling assay is performed either under control conditions of pH 7.5 and 1.8 mM Ca^2+^, or experimental conditions of altered pH or Ca^2+^. Each data point is the average of measurements from at least nine oocytes from three different batches. Error bars are shown as ±SEM.

Controls
--------

Under standard conditions, uninjected oocytes had an average water permeability of 9.4 ± 0.5 µm/s (*n* = 51) and showed no change in water permeability under any experimental challenge including changes in calcium or pH.

Fraction of increase and fraction of insensitive monomer
--------------------------------------------------------

In [Figs. 2](#fig2){ref-type="fig"}--[5](#fig5){ref-type="fig"}, we plot the fraction of increase versus the fraction of insensitive monomer. The fraction of increase is defined as:$$FI = \frac{\left\lbrack {P_{f}^{test} - P_{f}^{uninjected}} \right\rbrack}{\left\lbrack {P_{f}^{control} - P_{f}^{uninjected}} \right\rbrack},$$where $P_{f}^{test}$ is the water permeability under the test conditions, $P_{f}^{uninjected}$ is the water permeability of uninjected oocytes, and $P_{f}^{control}$ is the water permeability in solutions of ND96 with 1.8 mM Ca^2+^ and pH 7.4. The error bars of the fraction of increase were calculated using standard propagation of error methods. Reduced χ^2^, χ^2^, and R^2^ for testing goodness of fits were calculated using Origin Software (OriginLab).

Experimental pH solutions
-------------------------

For each experimental pH value, 100 and 30% ND96 solutions were made using HEPES for pH 8.0 to 7.0 and MES for pH 6.5 to 6.0. Before the swelling assay in 30% ND96 at the experimental pH, the oocytes were soaked in 100% ND96 at the experimental pH for 5 min. To evaluate only the effect of pH, without the calcium effect, the calcium concentration is adjusted to 1.8 mM in both normal ND96 and in the 30% ND96.

Experimental calcium solutions
------------------------------

For each experimental Ca^2+^ concentration, 100 and 30% ND96 solutions were made as follows: 1 mM EGTA and 1.8 or 5 mM Ca^2+^. Before the swelling assay was performed in 30% ND96 at the experimental Ca^2+^ concentration, the oocytes were soaked in 100% ND96 at the experimental Ca^2+^ concentration for 5 min.

Hill coefficient curve fitting
------------------------------

We used the statistical package in Origin Software (OriginLab) to fit our data to the modified Hill equation,$$FI = \Delta FI_{\max}\left\lbrack \frac{X^{n}}{\left( {X^{n} + K^{n}} \right)} \right\rbrack + 0.9,$$where *FI* is the fraction of increase, Δ*FI*~Max~ is the increment in fraction of increase induced by pH or calcium, *x* is the concentration of the ion in question, *n* is the Hill coefficient, *K* is the concentration of ion at which half of the maximum effect occurs, and 0.9 is the offset of the fraction of increase.

RESULTS
=======

The pH titration curve
----------------------

pH titration of AQP0 water permeability ([@bib24]) indicates a range of water permeability modulation in which water permeability approximately doubles between pH 7.5 and pH 6.5, a 10-fold increase in proton concentration. Fitting the data of [@bib24] to the Hill equation indicates a strongly cooperative effect of pH in increasing the water permeability ([Fig. 2](#fig2){ref-type="fig"}). The solid black line shows a fit with the Hill coefficient constrained at 4.0, a value consistent with there being four monomers in the tetramer and with the previous observation that the Hill coefficient for titration with zinc is very close to 4 ([@bib26]).

![pH dose--response curve of the water permeability of AQP0. The solid black line is a fit to the Hill equation, with *n* = 4 (χ^2^/DOF = 0.0068 and R^2^ = 0.994).](JGP_201210884_Fig2){#fig2}

Evaluation of pH cooperativity
------------------------------

We showed earlier that histidine 40 is required for doubling AQP0 water permeability upon acidification to pH 6.5 ([@bib24], [@bib25]). [Fig. 3 A](#fig3){ref-type="fig"} shows that WT AQP0 increases its water permeability in response to acid pH, but the mutant H40C loses acid pH sensitivity while increasing its water permeability in response to alkaline pH. To evaluate cooperative interactions, we evaluated the pH sensitivity of mixtures of WT and H40C at varying ratios of expression. A 1:1 mixture of WT and the H40C mutant shows almost no increase in water permeability in response to acid pH but retains a small amount of response to alkaline pH. A 5:1 mixture of WT to mutant shows that the response to acid pH is retained, as is the response to alkaline pH. These data therefore suggest that the dependence of water permeability on pH exhibits both cooperative and noncooperative responses. This is evident from the strong suppression of acid pH sensitivity and intermediate effect of alkaline sensitivity when equal amounts of WT and H40C mutant are mixed. The sensitivity to alkaline pH is directly proportional to the amount of alkaline-sensitive H40C mutant, whereas the sensitivity to acid pH is almost completely eliminated. A reasonable explanation is that a small proportion of acid pH--insensitive monomers in a tetramer could completely shut down the response of the other monomers in the tetramer. In other words, it seems that H40C mutants may respond independently to alkaline pH, but WT AQP0 tetramers respond cooperatively to acid pH.

![pH cooperativity. (A) Effect of acid and alkaline pH on the water permeability of mixtures of AQP0 (WT) and the H40C mutant. WT responds to acid pH, whereas the H40C mutant responds to alkaline pH. Mix 5:1 represents 10 ng AQP0 and 2 ng of mutant H40C (fraction of insensitive monomer = 2/12 = 0.166), and mix 1:1 represents 10 ng AQP0 and 10 ng of mutant H40C (fraction of insensitive monomer = 10/20 = 0.5). The P~f~ of the mix 1:1 at pH 8.5 is greater than the P~f~ at pH 7.5, with a p-value of 5 × 10^−5^ (Student's *t* test). The horizontal dotted line represents the water permeability of uninjected oocytes. (B) Fraction of increase plotted against the fraction of insensitive monomer. (For acid pH, the H40C mutant is the insensitive monomer. For alkaline pH, WT is the insensitive monomer.) Experimental results for acid pH are plotted as red squares and are well fit by a curve calculated from the binomial distribution of monomers randomly partitioning into each tetramer and the assumption that a single insensitive monomer renders the whole tetramer insensitive to acid pH (dashed red line; χ^2^ = 0.840). The curve assuming that two insensitive monomers are required to render the tetramer insensitive to acid pH (dashed black line; χ^2^ = 8.88) does not fit the experimental data. Experimental results for alkaline pH are plotted as green circles and are well fit by a straight line (the theoretical prediction assuming each monomer acts independently of the others in the tetramer; χ^2^/DOF = 0.071 and R^2^ = 0.910; solid green line). Each data point is the average of experiments using nine oocytes from three different batches.](JGP_201210884_Fig3){#fig3}

[Fig. 3 B](#fig3){ref-type="fig"} evaluates the hypothesis that acid pH modulation is cooperative whereas alkaline pH modulation is additive by plotting the fractional increase in water permeability induced by either alkaline pH or acid pH as a function of the fraction of insensitive monomer cRNA injected. The response to alkaline pH (when AQP0 WT is the insensitive monomer) shows no cooperativity, and the fraction of increase is simply proportional to the fraction of insensitive monomer ([Fig. 3 B](#fig3){ref-type="fig"}, solid green line and green circles). The response to acid pH is, in contrast, very cooperative. The red squares show the fraction of increase induced by acid pH plotted against the fraction of insensitive monomer, which in this case is the H40C mutant. The data are well fit by the dashed red curve, which was calculated using the binomial theorem under the assumptions that insertion of a given type of monomer into a tetramer is random and that a single insensitive monomer in a tetramer is sufficient to render all the monomers in the tetramer insensitive to acid pH. The results of [Fig. 3 B](#fig3){ref-type="fig"} show that acid pH response of WT AQP0 is highly cooperative but that the response of the mutant H40C to alkaline pH is not. Interestingly, acid pH in the lens interior is more physiologically relevant than alkaline pH.

The cooperativity of zinc-induced water permeability increase ([@bib26]) may well arise from a cooperative binding of zinc to a site composed of histidines contributed by adjacent monomers while the independent (basic pH) response requires only a single histidine. We tested this hypothesis by investigating the cooperativity of the increase in water permeability induced by alkaline pH in an AQP1 mutant, D48H, which has alkaline pH sensitivity ([@bib25]). We used WT AQP1 as the insensitive monomer and varied its proportion to the alkaline pH--sensitive D48H mutant. [Fig. 4 A](#fig4){ref-type="fig"} shows the effects of coinjecting WT AQP1 and mutant D48H cRNAs on acid and alkaline responses. When a mixture of one part WT to one part D48H is used, there is still a small response to alkaline pH but no response to acid pH. [Fig. 4 B](#fig4){ref-type="fig"} shows a plot of the factor of increase in AQP1 mixtures as a function of insensitive monomer, in this case WT AQP1. The fraction of increase in water permeability is inversely proportional to the fraction of insensitive monomer, in this case the WT, and is not cooperative at all.

![Alkaline pH increase of the P~f~ of AQP1 D48H is not cooperative. (A) Effect of acid and alkaline pH on the water permeability of AQP1 (WT) and a mutant D48H. WT does not respond to either acid or alkaline pH, whereas the D48H mutant responds to alkaline pH. Mix 1:1 represents 5 ng AQP1 and 5 ng of mutant D48H (fraction of insensitive monomer = 5/10 = 0.5). The horizontal dotted line represents the water permeability of uninjected oocytes. (B) Fraction of increase plotted against the fraction of insensitive monomer. For alkaline pH, WT is the insensitive monomer. The fraction of increase in P~f~ induced by alkaline pH is proportional to the fraction of insensitive monomer, indicating a lack of cooperativity between insensitive (WT) and sensitive (D48H) monomers. The data are well fit by a straight black line (R^2^ = 0.99) indicating that each monomer in a tetramer acts independently of the others.](JGP_201210884_Fig4){#fig4}

Evaluation of calcium cooperativity
-----------------------------------

We showed previously that varying calcium concentration can increase the water permeability of AQP0 in different ways depending on the state of its phosphorylation ([@bib15]). When AQP0 is not phosphorylated at serine 235, low calcium (achieved either by adding no calcium to the solution or adding 1 mM EGTA to a solution that contains no calcium) increases the water permeability of AQP0. In contrast, when AQP0 is pseudo-phosphorylated at serine 235 (the mutant S235D), increasing the calcium concentration to 5 mM increases the water permeability, whereas lowering calcium has no effect. Increased calcium concentration increases water permeability in lens vesicles ([@bib33]), consistent with our observation that increased calcium increases water permeability of the S235D mutant in oocytes. We investigated whether the low calcium-induced increase in water permeability in unphosphorylated AQP0 or the high calcium-induced water permeability increase induced by elevated calcium in phosphorylated AQP0 was cooperative by again coinjecting WT and mutant cRNAs in different proportions.

[Fig. 5 A](#fig5){ref-type="fig"} shows the effects of coinjecting WT AQP0 and mutant S235D cRNAs on both the low calcium and the high calcium responses. Note that AQP0 responds to low calcium, but the mutant S235D responds to high calcium (5 mM). When a mixture of one part WT to five parts S235D is used, there is still a small response to low calcium but almost no response to 5 mM calcium. If a mixture of five parts of WT to one part of S235D is used, the low calcium response is still quite large, but the 5-mM calcium response is nearly absent. The data in [Fig. 5 A](#fig5){ref-type="fig"} thus suggest that the increase of water permeability induced by 5 mM calcium in the S235D mutant (representing phosphorylated AQP0) is cooperative, whereas the increase induced by low calcium in WT AQP0 is not.

![Calcium cooperativity. (A) Effect of calcium concentration on the water permeability of mixed injection of AQP0 (WT) and a mutant S235D. Mix 1:1 represents 10 ng AQP0 and 10 ng of mutant H40C (fraction of insensitive monomer = 10/20 = 0.5), mix 1:5 represents 2 ng AQP0 and 10 ng of mutant H40C (fraction of insensitive monomer = 2/12 = 0.17), mix 5:1 = 10 ng AQP0 and 2 ng of mutant H40C (fraction of insensitive monomer = 2/12 = 0.17), and mix 1:9 represents 1 ng AQP0 and 9 ng S235D. The left-hand panel shows the response of WT AQP0. Note that P~f~ increases when the calcium concentration is decreased. In contrast, an increased calcium concentration increases P~f~ in the S235D mutant. When the two are mixed so as to form hetero tetramers, even 20% of WT is sufficient to suppress completely the P~f~ increase induced by 5 mM calcium, whereas the proportional increase in P~f~ induced by lowering calcium remains. When the mixture contains 80% WT, the low calcium response is still present in proportion to the amount of WT, but the elevated calcium response is completely suppressed. The horizontal dotted line represents the water permeability of uninjected oocytes. (B) Fraction of increase plotted against the fraction of insensitive monomer. (For no Ca^2+^ response, S235D is the insensitive monomer. For 5-mM Ca^2+^ response, WT is the insensitive monomer.) Experimental results for 5-mM Ca^2+^ increase are plotted as purple triangles and are well fit by a curve calculated from the binomial distribution assuming one insensitive monomer is sufficient to render the whole tetramer insensitive and with a bias of 0.5 kT for WT to associate with mutants in a tetramer ([@bib5]) (dashed purple curve; χ^2^ = 1.260). The dotted black curve is calculated assuming no bias and that one insensitive monomer is sufficient to render the entire tetramer insensitive to Ca^2+^ increase (χ^2^ = 3.133). Experimental data for zero calcium are plotted as blue squares and are well fit by a straight line (the theoretical prediction assuming each monomer acts independently of the others in the tetramer; χ^2^/DOF = 0.18774 and R^2^ = 0.557; blue straight line). Positive and negative errors are equal, but error bars are shown in only one direction to avoid clutter.](JGP_201210884_Fig5){#fig5}

This suggestion is further evaluated in [Fig. 5 B](#fig5){ref-type="fig"}, which plots the response to changes in calcium concentration as the fractional increase versus the fraction of the insensitive monomer cRNA injected. Note that for the low calcium response, the insensitive monomer is the S235D mutant and that for the 5-mM calcium response, the insensitive monomer is the WT. Consider the low calcium response (blue squares). The left-hand part of the graph shows that low calcium increases the permeability of pure WT (fraction of insensitive monomer is zero) by a factor of ∼1.9 ± 0.4. When the fraction of insensitive monomer (S235D) is one, low calcium induces no increase of water permeability. Intermediate proportions of insensitive monomer produce fractions of increase that lie along a straight line, indicating that each monomer contributes to the water permeability just as it would if there were no interaction among monomers in a tetramer when calcium is reduced.

The situation is very different for the response to elevated (5 mM) calcium (purple triangles). In this case, at the left side of [Fig. 5 B](#fig5){ref-type="fig"}, the fraction of increase is ∼2.3 ± 0.5 when the calcium concentration is raised to 5 mM for pure S235D. On the right-hand side, when the fraction of insensitive monomer is one (pure WT), there is essentially no response to 5 mM calcium. But in this case, a very small fraction of WT (even less than 0.2) can almost completely suppress the increase in water permeability. The data lie well below even the one insensitive monomer--required curve. This could be explained if WT monomers associated more strongly with the pseudo-phosphorylated mutants than with other WT monomers ([@bib5]). The dotted purple curve shows the predicted fraction of increase assuming that only one insensitive monomer in a tetramer is required to eliminate sensitivity to 5 mM calcium, and that S235D monomers bind more strongly to WT monomers than to themselves with an energy difference of ∼0.5 kT.

In summary, the response to elevated calcium exhibits a strong dependence on the ratio of WT to insensitive mutant, consistent with cooperativity; but the response to low calcium is additive with respect to the ratio of WT to insensitive mutant. As with acid pH sensitivity, the condition of elevated calcium is cooperative and more likely to be encountered by cells in the lens interior.

DISCUSSION
==========

In this paper, we report the surprising finding that both pH and Ca^2+^ modulation of AQP0 water permeability can be either cooperative or noncooperative. But more than that, the cooperative modes of both pH change and Ca^2+^ change are the best candidates for physiologically relevant modes of water permeability control, whereas the noncooperative concentration regimes are much less likely to be of physiological relevance. pH becomes more acidic by nearly one pH unit toward the center of the lens, and calcium concentration also increases toward the center of the lens ([@bib2]; [@bib21]). The calcium concentrations we report are extracellular, but we know that calcium acts intracellularly ([@bib25]), and there is an unknown, but essential, relationship between the external calcium concentration that we can easily control and the internal calcium concentration. Nevertheless, it is clear that variations in calcium concentration with distance into the lens do occur, and the range of reported variation encompasses the range of extracellular calcium concentrations in our experiments ([@bib7]). We suggest that increases in the concentration of both ions are reasonable candidates for cooperative regulation of water permeability, a more sensitive and physiologically relevant mode of water permeability regulation.

There is precedence for the view that water channel AQP monomers interact with and influence the water permeability of their neighbors in the tetramer. [@bib20] found that although linked dimers of AQP1 formed functional water channels, a linked dimer of AQP1 and AQP1-A73M, an AQP1 mutant with no water permeability, lacked even the water permeability of the functional AQP1. This finding supports the view that individual monomers of AQPs interact and, even more importantly, that cooperation between the monomers in a tetramer might be essential for water permeation. The case for this conjecture was boosted by a different experimental approach showing that mutating a single amino acid could convert an AQP transporting only water to a glyceroporin transporting glycerol and simultaneously reduce the form of the protein in the membrane from a tetramer to a dimer ([@bib18]).

pH
--

The data presented here clearly establish that WT AQP0 shows two types of behavior in response to changes in pH from the normal pH value of ∼7.5 at the surface of the lens. The response to acidification is cooperative as shown by both direct titration ([Fig. 2](#fig2){ref-type="fig"}) and by mixture experiments in which a single acid-insensitive monomer renders the entire tetramer insensitive to acid pH ([Fig. 3](#fig3){ref-type="fig"}). The titration curve establishes that the increase in water permeability of AQP0 depends on about the fourth power of the proton concentration. This implies that four protons must bind to allow the increase of water permeability to take place. Our data do not allow us to determine whether or not this binding is itself cooperative, but in any case, the water permeability increases in a switch-like fashion as pH falls from 7.5 to 6.5, exactly the range of pH change from the surface of the lens to its center. The substitution experiments with varying ratios of insensitive monomers to sensitive ones establish that all the monomers in the tetramer must participate to facilitate whatever change occurs in each individual monomer's water pore, implying that the switch-like behavior of the titration curve is related to cooperativity of the gating of the individual monomer pores. On the other hand, the increase in permeability induced by alkaline pH is not cooperative, and each monomer in the tetramer can apparently act independently in increasing its water permeability regardless of what the other monomers in the tetramer do. Recall that the alkaline increase occurs not in a naturally occurring form of AQP0 but in a mutant constructed in the laboratory. In this case, there is no plausible reason for the alkaline response to be physiological. This observation of cooperative and independent changes in water permeability induced by pH suggests that the mechanisms for increasing water permeability in the two cases differ.

We speculate that the increase in water permeability induced by alkaline pH is not physiological and probably arises because of the introduction of a single histidine rather than the pair of histidines present in AQP0. The cooperativity of zinc-induced water permeability increase may well arise from the binding of zinc to a site composed of histidines contributed by adjacent monomers, whereas the independent (basic pH) response requires only a single histidine. We tested this hypothesis by investigating the cooperativity of the increase in water permeability induced by alkaline pH in an AQP1 mutant, D48H, which has alkaline pH sensitivity ([@bib25]). We used WT AQP1 as the insensitive monomer and varied its proportion to the alkaline pH--sensitive D48H mutant. [Fig. 4 B](#fig4){ref-type="fig"} shows a plot of the factor of increase in AQP1 mixtures as a function of insensitive monomer, in this case WT AQP1. The fraction of increase in water permeability is proportional to the fraction of insensitive monomer, in this case the WT. The alkaline pH--induced increase in water permeability conveyed by the D48H mutant is clearly not natural, and the water permeability of WT AQP1 does not depend on pH at all. The specialized cooperativity-based mechanisms of water permeability modulation found in AQP0 are not present and cannot be induced by the introduction of a single histidine. Indeed, the situation here parallels that of the H40C AQP0 mutant, which also exhibits an increase in water permeability with alkaline pH and no cooperativity. We propose that the cooperative mechanisms of both pH- and calcium-induced increase in water permeability of AQP0 depend on allosteric changes of the entire tetramer, which affect the permeability properties of all monomers simultaneously.

Calcium
-------

Depending on the phosphorylation state of AQP0, water permeability can be modulated by either an increase in calcium concentration or a decrease in calcium concentration. Decreased calcium increases water permeability of unmodified AQP0, but increased calcium increases the water permeability of the mutant S235D (to mimic the effects of phosphorylation). [@bib33] have shown that increasing calcium concentration (or decreasing pH) increases the water permeability of vesicles formed from lens fiber cells. These results were at odds with our observation that eliminating calcium increased water permeability of AQP0 expressed in oocytes. Our subsequent observations showing that increased calcium increases the water permeability in the S235D mutant (which is expected to behave exactly as in vitro phosphorylated AQP0) resolved this discrepancy ([@bib15]), and the results of [@bib33] thus support both our pH and calcium results and are consistent with reports that a substantial portion of AQP0 is phosphorylated in vivo ([@bib19]; [@bib29]; [@bib1]). [@bib33] suggest that both the acid-induced water permeability increase and the elevated calcium--induced water permeability increase are likely to be physiologically relevant responses, and the current work supports this view.

[Fig. 5](#fig5){ref-type="fig"} shows that the low calcium--induced water permeability increase mediated by unmodified AQP0 is not cooperative: each monomer in the tetramer acts independently. Thus, we do not expect a highly sensitive response to changes in calcium concentration from normal to low. On the other hand, the response to increased calcium is highly sensitive for the S235D mutant, a mimic for phosphorylated AQP0. Thus, like pH-regulated water permeability, calcium-regulated water permeability shows two forms of behavior: one noncooperative and one very cooperative, as demonstrated by the ability of a single insensitive monomer to render the entire tetramer insensitive to increased calcium. The molecular mixture experiments presented here imply that the increased calcium concentration--induced increase in AQP0 water permeability is highly cooperative, very likely with a Hill coefficient of 4 because here again a single insensitive monomer in the tetramer destroys the ability of any monomer in the tetramer to respond to elevated calcium. This observation combined with the known high level of in vivo phosphorylation of AQP0 and the finding that increased calcium increases the water permeability of lens vesicles strongly argues that this mode of regulation is the physiologically relevant one. This view is supported by observations of [@bib9] who report that AKAP2 assembles a complex of itself, AQP0, calmodulin (CaM), and PKA promoting the phosphorylation of AQP0 and thus the regulatory mode of increasing water permeability by increased calcium ([@bib13]). This increase in water permeability by increased Ca^2+^ in a CaM-sensitive fashion might seem paradoxical in light of the observation that phosphorylation greatly reduces the binding of CaM to AQP0 C terminus peptides ([@bib28]), but pseudo-phosphorylation does not eliminate CaM-modulated calcium sensitivity of AQP0 water permeability ([@bib25]). Moreover, the binding of AQP0 C terminus peptides is not the whole story of CaM interaction with the AQP0 tetramer. Our molecular dynamics simulations of AQP0 CaM interactions (unpublished data) indicate that there is a substantial component of electrostatic interaction between CaM and the AQP0 tetramer, which would not be apparent in the binding of CaM to the C terminus fragment alone. We suggest, therefore, that phosphorylation does not eliminate CaM binding, or even drastically reduce CaM binding to the tetramer, but rather alters the binding configuration between CaM and AQP0 so that changes in calcium concentration can either increase or decrease the water permeability. This hypothesis would also account for the effects of AKAP2 on cortical cataract cited above.

Mechanism of cooperativity
--------------------------

The mechanism of cooperativity remains uncertain, but it is likely that the cooperative modes of water permeability increase by pH and calcium share a common gating mechanism. The first suggestion that this might be the case was the finding that pH- and calcium-induced water permeability increases were not additive ([@bib24]). Moreover, zinc and pH exhibit a steep concentration dependence on water permeability ([@bib26]). The interfaces between water-transporting AQP monomers with known structures are unique to each specific AQP and prevent the formation of heterotetramers between different types. In addition, chimeras of different AQP types often fail to express functionally ([@bib20]), supporting the view that interfaces between monomers form restrictive lock-and-key surfaces. This tight and highly specific coupling between monomers may imply that allosteric cooperative movement induced by calcium or pH is the initial event in cooperative alteration of water permeability. The manner in which CaM, essential for the cooperative modulation of water permeability by increased calcium, binds to AQP0 is suggestive of a cooperative connection between monomers. NMR structures of CaM and C terminus peptides of AQP0 show that a single CaM molecule binds two C terminus peptides in an antiparallel fashion, and that tetrameric AQP0 binds two CaM molecules ([@bib27]). These results suggest a structural basis for the calcium-related cooperativity because a single CaM molecule would tie two AQP0 monomers in a tetramer together. Also, CaM could induce structural changes in one monomer that would have to be transmitted to all the other monomers in the tetramer through the interfaces between monomers. Moreover, we suggest that a switch-like concentration dependence of water permeability on calcium or pH mediated by cooperative interactions between monomers could serve an important regulatory function in the lens.

Physiological role
------------------

The absence of AQP0 or mutations that alter its water permeability lead to cataract or defective lens development ([@bib31]). Although AQP0 may exhibit several functions in the lens ([@bib32]; [@bib8]; [@bib16]), its role in providing water permeability is essential. If AQP0 is knocked out, water permeability supplied by AQP1 can partially, but not completely, restore normal lens structure and clarity in the mouse ([@bib33]).

AQP0 assumes multiple forms and may exert several functions in the lens. It exhibits a junctional form resembling gap junctions formed by connexin proteins ([@bib10],[@bib11]). It underlies transport within the lens circulation ([@bib22]; [@bib6]). It undergoes multiple posttranslational modifications including phosphorylation ([@bib29], [@bib30]; [@bib1]; [@bib12]), and it loses its C terminus toward the center of the lens so the cortical forms of AQP0 are quite different from its nuclear ones. Thus, the calcium regulation we discuss in this paper, which is dependent on an intact C terminus for binding CaM, is likely relevant only in cortical and near cortical regions, a view supported by the observation that eliminating the ability of AKAP2 to bind to AQP0 and thus promote phosphorylation by PKA results in a cortical cataract ([@bib9]). pH regulation of water permeability, however, may persist into the nucleus as it is mediated by external histidines not cleaved or altered by posttranslational modification.

We find that protons and calcium ions, at concentrations found toward the center of the lens, exhibit cooperative and noncooperative regulation of AQP0 water permeability. In both cases, the cooperative mode of water permeability increase is a plausible candidate for a physiologically relevant mode of water permeability regulation. The total water permeability of all the AQP0 in the lens is estimated to be on the order of the total water permeability of the AQP1 in the lens epithelial cells ([@bib3]). Changing the water permeability of a significant proportion of the AQP0 in the lens by a factor of two, as the regulatory mechanisms we discuss would do, would be a significant increase relative to the base levels of both AQP0 water permeability and the aggregate water permeability of AQP1.
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